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Due to their remarkable mechanical and electronic properties, two-
dimensional materials have been the subject of avid interest over the last
decade and a half. The successful exfoliation of graphene in 2004 was a water-
shed moment, prompting search for new monolayered materials that could be
used in the next-generation of electronic devices. While many of graphene’s ad-
mirable traits—record-setting tensile strength, massless dirac fermions, among
others—are a result of its highly symmetric “honeycomb” crystal structure, a
new class of monolayered materials with low-symmetry structures has recently
been gaining interest. Due to their uniquely anisotropic electronic and thermal
properties, low-symmetry materials such as ReS2 and phosphorene are promis-
ing candidate materials for thermoelectric and optoelectronic devices capable
of leveraging their anisotropy. In this work, we examine the effect of pressure
on monolayer ReS2 and few-layer phosphorene to determine their suitability
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Tuning the electronic properties of semiconductors through strain has
long been an important technique in device engineering1–3. Traditionally,
strain-tuned devices have been achieved via epitaxially grown heterojunctions,
wherein epitaxial strain induced by a small lattice mismatch between two
material layers results in significant shifts in the electronic bandgap of the
heterostructure4. Today, strain tuning continues to be an exciting area of
research due to the growing interest in flexible electronic devices. From wearable
medical equipment5,6 to flexible solar cells7–9 to the bendable displays currently
on the market, there is a rapidly growing demand for materials that can
both take advantage of and withstand applied strain. From a mechanical
perspective, polymer-based electronics are appealing candidate materials for
strain-tuned devices due to their superior elastic properties10–12. However,
their electronic performance often trails well behind traditional inorganic
device materials13,14. Monolayer semiconductors, on the other hand, offer a
unique compromise between flexibility and electronic performance, making
them promising materials for next-generation electronic devices.
Transition metal dichalcogenides (TMDs) are an exciting family of lay-
ered, van der Waals (vdW) semiconductors that are exfoliable to down to mono-
layer thickness. In monolayer form, they possess sizable direct bandgaps15,16
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Figure 1.1: Illustration of the application of hydrostatic pressure to a layered
van der Waals material; While the pressure is uniform, due the relative bonding
strengths in the in-plane and out-of-plane directions the resulting strain is not
necessarily isotropic—that is, ∆c 6= ∆a.
and electron mobilities in excess of 50 cm2/V·s at room temperature17,18.
TMDs also offer superb flexibility and measured strain limits above 20%19.
Recent experimental and theoretical work has demonstrated how the electronic
and vibrational properties of monolayer TMDs respond to various types of
applied strain including uni- and bi-axial tensile strain20–25, uni- and bi-axial
compressive strain21,22,26,25, and hydrostatic pressure27–30. Much of the work
on monolayer TMDs to date has focused on MoS2, WS2, and their selenide
counterparts which, similarly to graphene, possess high in-plane symmetry.
Recently, however, lower-symmetry TMDs and elemental monolayers with
anisotropic in-plane properties such as rhenium disulfide (ReS2) and black phos-
phorus (“phosphorene” in monolayer form) have been garnering attention for
their unique applications in polarization detectors31–33, thermoelectrics34,31,35,
batteries31,36,35, and photocatalysts37–40.
Material anisotropy is a useful tool that is exploitable in electronic
devices. Highly anisotropic materials such as ReS2 and phosphorene have
2
Figure 1.2: Crystal structures of common layered van der Waals semiconductors,
ordered from highest to lowest symmetry; From left to right: 1H-TMDs41, 1T-
TMDs28, phosphorene42, 1T ′-TMDs28, and ReS2, which adopts a distorted-3R
phase.
different material properties along different crystallographic directions; thus,
by changing the orientation of the material relative to an applied field, the
response of the material is varied accordingly. A good example of this is the
use of optically anistropic materials in photodetectors, which exhibit high
responsiveness to the polarization of incident light33. In electronic applications,
the anisotropic electronic and thermal transport properties of these materials
can be utilized as well. For example, Liu et al. 43 show in their work how
anisotropic transport in black phosphorus could be used to “route” heat and
charge flow at the microscale to enhance thermoelectric performance.
1.2 Thesis Objectives
The objective of this research is to study the strain response of ReS2
and black phosphorus/phosphorene, which belong to an emerging class of two-
dimensional (2D) semiconductors with low symmetry and anisotropic material
properties. We accomplish this by conducting optical experiments that are
compatible with a high-pressure diamond anvil cell (DAC), applying strain
values that range from those achievable in conventional devices (<10%) to
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more extreme pressures up to tens of gigapascals. Our work provides insight





2.1 Synthesis and Preparation
Due to their weak interlayer interactions, van der Waals semiconductors
can be exfoliated down to few- and monolayers of atoms. This was first
demonstrated in graphene by Novoselov and Geim in 200444,45, which was
famously achieved with Scotch tape and later awarded the Nobel Prize in
Physics. Refinement of the exfoliation technique has enabled synthesis of a
myriad of monolayer materials in graphene’s wake.
In this work, we exfoliate ReS2 and black phosphorus (BP) down to
monolayer and few-layer forms, respectively. ReS2 flakes with monolayer,
bilayer, and multilayer regions are exfoliated using PVC film tape from Nitto,
and transferred directly to a Si/Al2O3 substrate. Mild warming was used
(∼40°C) to facilitate transfer from the flake to the substrate. A similar method
was used for BP, but due to the material’s air stability, BP samples were
immediately capped, either by:
1. Spin coating with PMMA (∼200 nm)
2. Atomic layer deposition of Al2O3 (∼25 nm)
Details of the two capping procedures can be found in previous work by
our group46.
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For high-pressure experiments, samples were transferred from their
initial substrates in one of several methods. For ReS2, which did not require
capping, samples could be transferred using a polydimethylsiloxane (PDMS)
stamp transfer method developed by Kim et al. 47. This method involves
applying an adhesive layer to the stamp that can be melted at moderate
temperatures. At room temperature, the stamp can be lowered down onto the
sample aided by a confocal microscope. Once the sample adheres to the stamp,
it is picked up and the stamp is then lowered onto the destination substrate (in
our case the diamond culet, see Section 2.3). To ensure that the flake leaves
the stamp, the stage of the setup is heated to melt the adhesive and release
the sample on the new substrate. Any residual adhesive on the sample can
then be removed with an organic solvent.
Since BP required capping for air-stability, transferring few-layer samples
could not be achieved with the process described above. Here, after capping the
sample with either PMMA or Al2O3, a small area around the sample (∼100 µm)
was carefully cleaved away from the substrate with a microscopically sharp
tungsten carbide tip and subsequently transferred to the diamond culet with
a needle. For thicker samples (>100 µm), the transfer process was done in a
more straightforward “pick and place” fashion without cleaving the substrate,
in which the sample was directly transferred using the tip of a needle under a
microscope.
2.2 Characterization
Under ambient conditions, ReS2 and BP were characterized via Raman
and photoluminescence (PL) spectroscopy, atomic force microscopy (AFM),
and transmission electron microscopy (TEM). Raman and PL spectroscopy are
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particularly useful techniques to characterize 2D materials as they are fast and
non-destructive. Moreover, 2D materials often exhibit layer-dependent optical
and vibrational properties, making Raman and PL effective complements to
AFM in determining the of thickness of the material.
Figure 2.1a shows the increase in optical bandgap of ReS2 with decreasing
layer number—a clear trend that is well replicated in literature41,48,49. Raman
shifts also display a distinct trend with pressure, and even provide information
on the stacking orientation of ReS2: Qiao et al. 49 documented in their work how
the difference in Raman shifts between two characteristic Raman modes ∆ω
depends on whether multilayer ReS2 exhibits anisotropic-like (AI) or isotropic-
like (IS) stacking, as shown in Figure 2.1b.
Figure 2.1: (a) Thickness dependence of the optical bandgap of ReS2, compared
with several datasets from literature41,48,49; (b) Thickness dependence of fre-
quency difference ∆ω between the A1g and A4g modes compared with literature
values41,48–51; According to Qiao et al. 49 , a reduction ∆ω with decreasing layer
number indicates that an ReS2 sample with anisotropic-like stacking, while the
opposite indicates isotropic-like stacking.
To enable reliable thickness determination of 2D materials via convenient
optical methods, AFM must first be performed as a benchmark. An AFM
7
micrograph and height profile for an exfoliated ReS2 flake with monolayer and
bilayer regions are shown in Figure 2.2. Measurements were conducted using an
Asylum MFP 3D system in tapping mode. The flake shown is roughly 15 µm
in longest dimension with clean, sizable monolayer and bilayer regions. The
height profile suggests an interlayer distance of ∼0.8 nm for the bilayer region.
Figure 2.2: (a) Atomic force micrograph and (b) height profile of a ReS2 flake
with monolayer and bilayer regions; in (b), the substrate height is at ∼2 µm, and
the mono- and bilayer heights at ∼3.3 and ∼4.0 µm, respectively; the discrepancy
between the interlayer spacing (∼0.8 nm) and the substrate to monolayer height
is due to the relative tip repulsion between the Si/Al2O3 substrate and the
material itself—a result of using tapping mode AFM measurements52,53.
With the thickness established via AFM, secondary thickness determina-
tions such as Raman shifts and optical bandgaps can then be measured against
AFM data to create reliable and fast thickness determinations for subsequent
samples. Another secondary technique that is commonly used in this manner
is simple optical microscopy: with AFM data and standardized substrates,




In a diamond anvil cell (DAC), pressures upwards of 500 GPa can
be achieved, enabling an array of vital research under extreme conditions,
including the quest to observe metallic hydrogen55,56, study of the properties
of the inner earth57,58, and insight into the composition of remote planetary
bodies59–61. To reach such pressures, DACs use diamonds with culet diameters
as small tens of micrometers that compress a chamber filled with an inert
pressure medium such as a noble gas. For all experiments described herein,
neon gas is loaded into a short, symmetric DAC with 400-µm diameter culets
via a custom gas loader designed and built in the mineral physics laboratory
at UT-Austin.
Figure 2.3: Photograph looking inside of a diamond anvil cell62.
Visible in Figure 2.3 are the two opposing diamonds as well as the metal
gasket that serves as the wall of the pressure chamber. The gasket is a flat piece
of metal, typically a stainless steel or rhenium, with a drilled hole of diameter
slightly less than the culet diameter. As the culets are pressed together, the
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gasket collapses the volume of the chamber, applying pressure to the sample.
A simplified schematic of a DAC is shown in Figure 3.1a.
While the primary benefit of using diamond anvils is their exceptional
material hardness, they also provide a “window” for electromagnetic radiation.
This allows us to view the sample as well as conduct optical measurements
such and UV, Raman, IR, Brillouin, and PL spectroscopy. X-ray diffraction63
and, in recent years, neutron diffraction64 techniques are possible, as well. In
this work, we employ primarily Raman, PL, and x-ray diffraction to study the
vibrational, optoelectronic, and structural properties of ReS2 and BP under
pressure.
2.4 Polarized Light Spectroscopy
Polarized light spectroscopy (PLS) is an important technique for study-
ing low-symmetry 2D materials. Previous work has used polarized Raman
to determine the lattice orientation of ReS250 and black phosphorus65, probe
anomalous vibrational properties in WTe266, and to observed interactions
between multi-walled carbon nanotubes under pressure67. Here we use the
technique primarily to examine the evolution of vibrational anisotropy of mono-
layer and multilayer ReS2 under compressive strain, but also to study few-layer
phosphorene under in-plane tensile strain, bulk BP across an electronic phase
transition, and the polarized excitonic emissions of multilayer ReS2. Impor-
tantly, we present the first angle-resolved polarized Raman study under pressure
in a diamond anvil cell. Figure 2.4 shows our custom rotation stage setup for
PLS in measurements on a DAC, which has independently addressable x, y, z,
and rotational axes.
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Figure 2.4: (a) Picture of the custom microscope stage used for polarized light
spectroscopy measurements in this work, which has independent x, y, z, and
rotation control; (b) Diagram of how a sample on a diamond culet is rotated
with respect to incident laser polarization.
2.4.1 Raman
For polarized Raman experiments, a laser with a coherent incident
polarization impinges on a sample with a known crystallographic orientation,
and either parallel or perpendicular polarization are collected after scattering.
For anisotropic materials, properties such as Raman scattering intensity and
photoluminescence can be dependent on the angle between the polarization and
crystal axis. The relative intensities can be modeled with the Raman tensor
for a given vibrational mode. As an example, the Ag-type modes of BP have a
Raman tensor given by:
RAg =
a 0 00 b 0
0 0 c
 (2.1)
The Raman tensor elements a, b, and c are given by:
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w = |w|eiφw ; φw = arctan
δε′′ww/δqAg
δε′ww/δqAg
; w = a, b, c (2.2)
In general, the Raman intensity is proportional to |êi · R · ês|2, where êi and
ês are the incident and scattered polarization vectors, respectively. In the
backscattering configuration with parallel incident and scattering polarization
(denoted as z(xx)z̄ in Porto’s notation), which we use throughout:
êi = ês =
[
cos θ 0 sin θ
]
(2.3)
where θ is the angle between the incident polarization and a given crystallo-
graphic orientation. Finally, for the Ag-type modes of black phosphorus the
intensity is given by:
IAg ∝ (|a| cos2 θ + |c| cosφca sin2 θ)
2 + |c|2 sin2 φca cos4 θ (2.4)
where φca = φc − φa. Radial plots of polarized Raman intensity take on
“barbell-like” shapes in accordance with Equation 2.4, an example of which is
shown in Figure 2.5, with θ measured every 10° from 0° to 360°.
2.4.2 Photoluminescence
Polarized PL is beginning to see more use in the analysis of anisotropic
materials48,68,69. Similarly to polarized Raman, incident light with a well-
defined orientation with respect to the crystallographic orientation of the
material is used, and scattered light is filtered through a polarizer to collect
either parallelly polarized or cross-polarized data. This technique is particularly
useful for ReS2, which has multiple excitonic transitions that selectively absorb
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Figure 2.5: Example radial plot of polarized Raman intensity for the Raman-
active A1g mode of black phosphorus.
and emit linearly polarized light. Aslan et al. 48 first reported this behavior in
2016, which has subsequently made ReS2 a promising material for wavelength-
selective optoelectronic devices68,69. Since the two prominent excitons in
multilayer ReS2 exhibit nearly oppositely oriented polarization profiles, they
can be thus be individually addressed using polarized light. Figure 2.6 shows
both the full PL spectra at various incident polarization angles as well as the
polarization profiles of the four excitonic transitions we observed.
2.4.3 Optical Interference in Birefringent Black Phosphorus
For thin films, optical interference must be considered when measuring
polarization-dependent Raman or PL intensities. This is especially true for
optically anisotropic (birefringent) materials, for which such effects may not
contribute equally along different crystallographic directions. To address this
concern, we present in this section an example analysis of the interference
effect in black phosphorus thin films. What follows is an excerpted and lightly
edited passage from the Supplementary Information of Zhu et al. 70 , which was
13
Figure 2.6: (a) Photoluminescence spectra of multilayer ReS2 at various polariza-
tion angles with respect to the ~b-axis of the material; Four peaks with excitonic
line shapes are denoted as E1, E2, E3, and E4, with colors corresponding
to the data shown in (b); (b) Radial plots of polarized photoluminescence
intensity for each excitonic peak motioned in (a); Data points were gathered in
15° increments from 0 to 180°, with 0° corresponding to polarization parallel
to the ~b axis of the material.
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written by the author.
Due to the sample configuration—which consists of a thin black phospho-
rus (BP) layer (∼10–15nm) transferred onto a nano-polyimide (NPI, ∼60nm)/Pd
(∼50nm)/bulk polyimide (PI) substrate and capped with polymethyl methacry-
late (PMMA) (∼200nm) – optical interference effects will be present due to the
varying refractive indices of the thin films. This effect is well documented in
Ref. 71 for graphene on Si/SiO2 substrates. Ref. 72 performs a similar analysis
for BP on Si/SiO2, while also considering the birefringence of the material (i.e.,
differing refractive indices along the zigzag (ZZ) and armchair (AC) directions).
The measured Raman signal can be significantly impacted by this interference
effect, which is dependent on the incident laser wavelength and the wavenumber
of the measured Raman modes, in addition to the thin-layer thicknesses and
refractive indices. In polarized Raman measurements of birefringent materials
such as BP, the interference effect differs along different crystallographic ori-
entations of the material, and must be considered to determine the intrinsic
anisotropy of the material measured by polarized Raman.
In this work, we have generally followed the approach detailed in Ref.
72, in which the interference factor, F , is given by the absolute square of the
scattering and absorption terms (Fsc and Fab, respectively), integrated over
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where ni is the complex refractive index for the ith layer, di is the thickness of
the ith layer, x denotes the depth in the sample layer (i = 1), and λex and λsc
denote the wavelength of incident and Raman scattered light, respectively.
For BP, we consider two scattering factors: one calculated using the
refractive index along the ZZ-direction and another using the refractive index
along the AC-direction (FZZ and FAC , respectively). The ratio of these two
interference factors indicates the degree to which polarized Raman plots are
artificially enhanced/diminished when light is polarized parallel one of these
directions. A ratio of FZZ
FAC
= 1 indicates that the interference effect contributes
equally in both crystallographic directions, and thus interference effects on the
anisotropic Raman response of the material can be neglected.
Eqns. 2.6 and 2.7 take into account three interfaces: the interface
between the environment and BP (i,j = 0,1), between BP and the layer below
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it (i,j = 1,2), and one additional interface (i,j = 2,3). Our sample configuration
has five interfaces: Air/PMMA, PMMA/BP, BP/NPI, NPI/Pd, and Pd/PI.
Deriving equations analogous to Eqns. 2.6 and 2.7 for this number of interfaces
is nontrivial, and some simplifying assumptions were made to reduce the
problem to only three interfaces. Firstly, we assume that all the light that
reaches the thin, metallic Pd layer is reflected, and thus we ignore the Pd/PI
interface. Secondly, we consider two situations: one in which the PMMA on
top of BP is ignored (“air environment”) and another in which we treat the
PMMA layer as infinitely thick (“PMMA environment”). We then calculate
interference factors for both situations to determine the “worst-case” scenario,
in which the ratio of the interference factors is largest. Additionally, since there
is some uncertainty in the thickness of the BP sample, we consider both 10-nm
and 15-nm BP layers for both aforementioned scenarios to find the overall
worst-case interference.
For 10- and 15-nm BP in a PMMA environment, the difference in
interference factors FZZ and FAC was determined to be ∼1.5% and ∼0.3%,
respectively. For 10- and 15-nm BP in an air environment, the difference in
interference factors FZZ and FAC was determined to be ∼0.75% and ∼4.0%,
respectively. Note: these values differ between different Raman modes, but by
less than 0.05% in each case. Since the “worst-case” scenario (15-nm BP sample
in an air environment) has a difference of interference factors along different
crystallographic directions of less than 5%, we determined interference effects
in our sample configuration are mostly negligible. To illustrate this, we have fit
our polarized Raman data to functions for the Raman intensity as a function
of polarization angle based on the Raman tensor for Ag-symmetry modes in
BP, again following the procedure outlined in Ref. 72. We then corrected these
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fits to reflect the interference factors calculated for the worst-case interference
scenario, for comparison. It is clear from Figure 2.7b-e that the interference
effect is negligible compared to experimental error and, importantly, the change
in anisotropy of the polarized Raman plots due to strain.
Figure 2.7: (a) Model of interference ratio (F = ZZ/AC) as a function of
sample thickness for black phosphorus on 300-nm Si/SiO2 (black line) and 30-
nm Si/Al2O3 (gray line) substrates; (b-e) Experimental polarized Raman data
(black circles) on few-layer black phosphorus in (b,c) with and (d,e) without
in-plane tensile strain; Blue lines show fits to data based on Raman tensor;
Red lines are corrected fits based on the interference ratio in (a).
The interference effects in our sample configuration are much less pro-
nounced than those calculated in Ref. 72 due to the difference of refractive
indices of the substrate in capping layers used. Considering the non-BP layers,
one would expect that those with refractive indices deviating most from the
refractive index of the environment would have the largest contribution to the
interference effect. In the case of Ref. 72, Silicon has a real part of the refractive
index that is >300% larger than that of the environment (air). Contrast this
with our configuration, where the non-BP layer with the largest refractive
index is PI, which has a refractive index that is 70% larger than that of the air
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environment – or 14% larger than the PMMA environment (Table 2.1).
Refractive Index Air Environment PMMA Environment Kim et al. 72
Air 1 1
PMMA73 1.49
BP (ZZ)74 3.74−i0.52 3.74−i0.52 3.74−i0.52





Table 2.1: Refractive indices of materials considered in our analysis of the
optical interference effect of black phosphorus, grouped by a given experimental
environment (i.e. the combination of substrate, sample, and capping material,
if applicable); Literature values for refractive indices are either directly from
the references listed or extrapolated from the same.
While this analysis is specific to the material system and experimental
environment considered here, it can be easily generalized to other systems to
determine if and how interference effects from thin films will affect optical
measurements. As can be seen in Figure 2.7a, the effect can often be ignored
for extremely thin samples. For sufficiently thick samples (t >> λlight) the




3.1 High-Pressure Studies of Rhenium Disulfide
3.1.1 Background
ReS2 is a particularly exciting anisotropic material due to its air stabil-
ity78 and myriad of compelling structural, optical, electronic, and vibrational
properties. It has a low-symmetry crystal structure (triclinic, space group P 1̄)
that is commonly referred to as the 1T ′ phase in literature, though recent work
has proposed the nomenclature “distorted-3R” phase79. This unique structure
is brought about by a Peierls distortion in which Re atoms form pseudo-1D
chains along the ~b-axis of the material, resulting in highly anisotropic in-plane
electronic80 and thermal81 transport, as well as optical birefringence48. ReS2
also exhibits a flat electronic band structure with several local conduction
(valence) band minima (maxima)82,83. This has contributed to disagreement
regarding the nature of the bandgap of ReS241,48—an issue further complicated
by the various stacking orientations adopted by the multilayer form49,84. Recent
studies suggest that ReS2 is a marginally indirect bandgap semiconductor in
the bulk48,82,85,83,86, but there is still disagreement over nature of the bandgap
in the bi- and monolayer limit82,86.
Vibrationally, ReS2 has 18 Raman-active modes, all with Ag-type sym-
metry and varying intensity depending on the polarization and wavelength of
incident light. The polarized Raman response under ambient conditions has
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been well documented in the literature50,87,88,51. Due to the lower symmetry
of the material, the Raman modes of ReS2 do not exhibit the same strictly
in-plane or out-of-plane vibrational character as MoS2, for example. However,
several modes can be described as consisting of predominantly in-plane or
out-of-plane vibrations51. For the lower-frequency, Re-dominant vibrations,
A4g (132 cm-1) and A5g (143 cm-1) are considered predominantly out-of-plane
modes, while the A1g (153 cm-1), A6g (162 cm-1), A7g (213 cm-1), A8g (235 cm-1)
predominantly in-plane.
While several theoretical studies have examined the electronic and
vibrational strain response of ReS289–91, few experimental works have been
published to date. Yang et al. 67 generated local strain in multilayer ReS2 via
an elastomeric substrate, modulating the bandgap and inducing magnetism in
the material; Tongay et al. 41 examined the Raman response of multilayer ReS2
to hydrostatic pressure (compressive strain) up to 7.0 GPa in a diamond anvil
cell (DAC), finding the material’s vibrational properties to be less sensitive to
pressure than other TMDs; and Yan et al. 92 measured both the Raman and
photoluminescence (PL) response of multilayer ReS2 up to 33.7 and 9.0 GPa,
respectively, in a DAC.
A single ReS2 flake with mono-, bi-, and multilayer regions was mechan-
ically exfoliated from a bulk crystal (2D Semiconductors) and transferred to
a 10-µm/100-nm silicon/Al2O3 substrate placed onto the diamond culet of a
DAC via the PDMS transfer method described in Kim et al. 47 . The thickness
of flake region was determined via atomic force microscopy, Raman, and PL
measurements (Figure S1). For pressure experiments, a DAC with 400-µm
diameter culets was loaded with an inert Ne gas pressure medium, a ruby sphere
for pressure calibration, and a Re gasket that served as the pressure chamber.
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Figure 3.1a shows an illustration of the DAC and the sample configuration on
the diamond culet. Optical images of the sample prior to transfer and after
loading and pressurizing the cell are shown in Figure 3.1b.
Before transferring the sample to the DAC, PL and Raman spectra
were measured under ambient conditions for each thickness (Figure 3.1c-d).
Lorentzian fitting of the PL spectra for monolayer and bilayer regions reveal a
single excitonic peak shape at 1.65 and 1.58 eV, respectively. The bulk region
displays three excitonic peaks at 1.39, 1.50, and 1.56 eV, which are identified
as the indirect bandgap, Exciton 1, and Exciton 2, respectively48. The exciton
positions for each thickness are marked with vertical lines in Figure 3.1d. As
Exciton 1 gives the largest PL intensity and persists after application of pressure,
it is referred to as the optical bandgap Eg of the multilayer region throughout
this work. Our pre-transfer Eg values for all thicknesses agree quite well with
those reported in literature41,48,49, though we note that PL measurements after
transferring the sample to the DAC—but before pressurization—show a small
decrease in Eg for each thickness. This can be attributed to strain relaxation
from the transfer process94.
Table 3.1 shows the measured Eg as well as Raman shifts ω for the
six lowest frequency modes, for which we adopt the naming convention of
Pradhan et al. 95. Based on the thickness dependence of the Raman modes,
and particularly ∆ω of A1g and A4g modes, we conclude that the stacking type
of the exfoliated flake is the anisotropic-like (AI) stacking reported by Qiao
et al. 49 (Figure S2). The six lowest-frequency modes of ReS2 are predominantly
Re atom vibrations, and exhibit the largest Raman intensities of the 18 active
modes under the experimental conditions (532-nm laser light with incident
polarization parallel to the b-axis of the material) over the pressure range
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Figure 3.1: (a) Illustration of a diamond anvil cell (DAC) adapted from Ref.
93 and inset depicting a monolayer ReS2 sample on an Si/Al2O3 substrate
placed on the diamond culet. (b) Optical image of exfoliated ReS2 flake
with mono-, bi-, and multilayer regions on a Si/Al2O3 substrate loaded into
a DAC with a ruby pressure calibrant and Ne gas as a pressure medium; a
Rhenium gasket facilitates the application of pressure generated by squeezing
together the diamond culets; (inset) Optical image of the same sample prior to
transferring to the DAC. (c) Raman and (d) Photoluminescence (PL) spectra
of the mono- (blue), bi- (green), and multilayer (red) ReS2 samples examined
in the study; in (c), six of the material’s 18 Raman active modes are labeled;
Vertical lines in (d) denote exciton peak positions determined from Lorentzian
fitting of PL spectra.
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considered.
Table 3.1: Ambient optical bandgaps and Raman shifts for mono-, bi-, and
multilayer ReS2 obtained from the Lorentzian fits to Raman and PL spectra;
Optical bandgaps both before and after PDMS transfer to the DAC are shown;
Raman shifts were measured post-transfer, but prior to pressurizing the DAC.
Raman Shift, ω (cm-1)
Optical Gap Eg (eV) A4g A5g A1g A6g A7g A8g
1L 1.65 135.4 142.4 152.1 161.9 213.6 236.7
2L 1.58 133.7 145.0 152.6 161.8 213.3 236.0
Mult. 1.50 132.1 142.8 152.6 161.7 212.9 235.2
3.1.2 Opto-Electronic Properties
3.1.2.1 Optical Bandgap
After pressurizing the cell, Raman and PL measurements were conducted
at various pressures up to 13.6 GPa. For multilayer ReS2, a PL signal was
discernible above the background up to 10.3 GPa, while monolayer and bilayer
signals were only observed up to 4.0 GPa (Figure 3.2). The loss of PL signal
with increasing pressure has been interpreted as a direct-to-indirect band
transition in other TMD systems28,29. For ReS2, however, the picture is more
complicated.
As previously noted, three excitonic peaks were observed for the mul-
tilayer region before the application of pressure: the indirect gap (1.39 eV),
Exciton 1 (1.50 eV), and Exciton 2 (1.56 eV). After application of pressure, the
indirect gap was observed only up to 0.6 GPa (Figure S3); beyond this pressure,
Exciton 1 is the lowest energy gap observed. Since Exciton 1 has a direct
gap48, our data suggest that under only modest compressive strain multilayer
ReS2 becomes a direct gap semiconductor. This is a significant finding, as a
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Figure 3.2: PL spectra of (a) multilayer, (b) bilayer, and (c) monolayer ReS2
samples at various pressures; the PL signal of the multilayer sample was visible
up to ∼10 GPa, while bi- and monolayer signals were only distinguishable
from the background up to ∼4 GPa. (d) Optical bandgap vs. pressure for
all ReS2 samples, determined by fitting the spectra shown in (a–c), with
monolayer, bilayer, and multilayer samples shown with blue, green, and red
circles, respectively, with dashed lines to guide to the eye.
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direct-gap multilayer ReS2 would be more suitable for optoelectronic applica-
tions. We note that this result differs from Yan et al. 92, which reports that
the indirect gap persists up to ∼5 GPa. Regardless, it is clear that compressive
strain tuning can selectively alter the nature of the bandgap in multilayer
ReS2, and potentially at strain values easily achievable in conventional device
applications.
At 4 GPa, another peak emerges in the multilayer spectra at slightly
higher energy than Exciton 1 (Figure 3.2a and S3), and persists until 10 GPa,
after which no PL signal is discernible from the background. The Lorentzian
line shape suggests that this peak is also excitonic nature, though the exact
transition was not identified in this work. Both monolayer and bilayer spectra
were well fit by single Lorentzian curves throughout the pressure range examined,
though signals were generally weak and significantly broader compared with
the multilayer spectra (Figure 3.2b-c). The weak signal intensities relative
to multilayer suggest that monolayer and bilayer ReS2 are likely indirect gap
semiconductors throughout the pressure range considered. This is consistent
with the low PL quantum yields recently reported by Mohamed et al. 86 .
Figure 3.2d shows Eg for each thickness as a function of pressure. For
monolayer ReS2, Eg blueshifts slightly with pressure, from 1.56 eV under
ambient conditions to 1.62 eV at 4.0 GPa. For multilayer, Eg redshifts from
1.48 eV to 1.35 eV at 10.3 GPa. Bilayer ReS2 displays a nearly constant Eg of
∼1.5 eV from ambient pressure to 4 GPa. Linear fits to experimental values of
Eg vs. pressure yield tuning rates ∆Eg/∆P of 9.2, -1.7, and -14.7 meV/GPa,
for mono-, bi-, and multilayer thicknesses, respectively. We note that the linear
fits are meant to give an approximate tuning rate for engineering purposes,




Experimental Raman shifts display only a modest response to pressure
(Figure 3.3d). For all six of the Raman modes examined in this study, Raman
shifts harden roughly linearly from ambient pressure to 13.6 GPa. The average
experimental hardening rates ∆ω/∆P of in-plane modes for mono-, bi-, and
multilayer ReS2 are 1.20, 1.22, and 1.21 cm-1/GPa, respectively, while out-of-
plane ∆ω/∆P are 0.53, 0.67, and 0.85 cm-1/GPa, respectively.
We observe no obvious indication of a structural transition in the
experimental Raman spectra, as Raman shifts for all thicknesses exhibit gradual,
linear Raman mode hardening with no overt discontinuities or emergence of
new modes up to 13.6 GPa. While this is ostensibly in conflict with the phase
transition observed in bulk ReS2 around 10–11 GPa96,97, the absence of an
obvious structural transition can be attributed to the thickness of the sample. It
has been well documented that layered vdWmaterials are highly compressible in
the out-of-plane direction—for example, the ~c-axis in MoS298–100. Accordingly,
structural evolutions often arise from the compression of these layers, which
results in dramatic increases in interlayer bonding energy. Furthermore, past
work has shown that such interlayer interactions decrease with layer number, as
evidenced by increased interlayer distances and bandgaps upon thinning down
to the monolayer limit101–103. It follows then that few-layer and monolayer vdW
materials would require relatively higher strains to induce a phase transition,
as more energy is required to strengthen the interlayer interactions. A clear
example of this is the phase transition from the ambient A7 phase to the high-
pressure A17 phase in phosphorene: while bulk black phosphorus undergoes
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Figure 3.3: Raman spectra of the six lowest-frequency Raman modes of (a)
multilayer, (b) bilayer, and (c) monolayer ReS2 at 0.0, 4.0, 7.3, and 13.6 GPa;
(d) Raman shift vs. pressure of the modes shown in (a-c); (e) Intensity ratio
on in-plane to out-of-plane Raman modes for each thickness; Dotted lines are
shown to guide the eye; Monolayer, bilayer, and multilayer data are shown in
blue, green, and red, respectively, throughout.
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this transition at ∼5 GPa104, it reportedly does not reach completion in bi-
and monolayer samples until 11.9 and 15.4 GPa, respectively105. We suggest
that this effect is responsible for the stability of multi- and few-layer ReS2 at
higher-than-expected pressures.
3.1.3.1 Vibrational Anisotropy
To study the vibrational anisotropy of ReS2 under applied compressive
strain, we measured the polarized Raman spectra of monolayer and multilayer
ReS2 up to ∼12 GPa. Figure 3.4 shows radial plots of the fits to polarized
Raman intensities of the A1g (a,d), A6g (b,e), and A8g (c,f) modes at select
pressures. Figures A.1 and A.2 show the complete dataset, with experimental








with incident and scattered polarization vectors êi = ês =
[
cos θ sin θ
]
for
the experimental configuration. Following a similar analysis to that described
in Section 2.4.1, the polarization-dependence of the Raman intensity was
determined to be:
I ∝ |u|2 cos θ4+|w|2 sin θ4 + 4|v|2 cos θ2 sin θ2
+ 2|u||w| cos 2φuw cos θ2 sin θ2
+ 4|u||v| cosφuv cos θ3 sin θ
+ 4|v||w| cos 2φvw cos θ sin θ3
(3.2)
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Figure 3.4: Radial plots of showing the evolution of polarized Raman intensities
for the (a) A1g, (b) A6g, and (c) A8g modes of monolayer ReS2 at various pressures;
(d-f) Radial plots of the same mode intensities for multilayer ReS2.
By fitting Equation 3.2 to experimental data, we were able to determine
the Raman tensor elements of ReS2 for each pressure, the results of which are
shown in Figures A.3 and A.4.
3.1.4 Implications for Device Engineering
Comparing ReS2 with other TMDs, it is clear that the optoelectronic
and vibrational properties of ReS2 are uniquely resilient to strain. Figure 3.5a
compares ∆Eg/∆P values extracted from literature data for multilayer MoS2,
MoSe2, WS2, and WSe2 (Dybała et al. 106 , calculated), multilayer WTe2 (Lu
et al. 107, calculated), monolayer MoS2 (Nayak et al. 28, experimental), and
monolayer WS2 and MoWS2 (Kim et al. 29 , experimental) with the experimental
values presented herein. Note that due to the indirect bandgaps of the afore-
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mentioned multilayer TMDs, only theoretical optical bandgaps vs. pressure are
available. The general trend evident in Figure 3.5a is that compressive strain
redshifts bandgaps in multilayer TMDs and blueshifts bandgaps in monolayer
TMDs. While ReS2 is no exception to this trend, both monolayer and multilayer
ReS2 are considerably less sensitive to applied strain than their counterparts,
and Eg for bilayer ReS2 is nearly invariant up to 4 GPa.
The vibrational properties of ReS2 are similarly robust to applied strain,
as is shown in Figure 3.5b. Here, we examine separately the effect of compressive
strain on the in-plane vibrational modes (shown as solid-colored bars) and
out-of-plane vibrational modes (shown as diagonally hatched bars) of ReS2,
MoS2109,28, and WS2108,29. The out-of-plane A′ mode of multilayer WS2, for
example, is roughly twice as sensitive to pressure as the in-plane E ′ mode. This
agrees well with the previously mentioned behavior of layered vdW materials,
in which higher strain sensitivity in the out-of-plane direction is exhibited by
materials with stronger interlayer interactions. In contrast, the out-of-plane
modes for mono-, bi-, and multilayer ReS2 are significantly less responsive to
strain than their in-plane counterparts: the average ∆ω/∆P of the out-of-plane
A4g and A5g modes for monolayer ReS2 is only 43% of the in-plane average. For
bilayer and multilayer, the same comparison yields values of 54% and 69%,
respectively. These results are consistent with the description of multilayer
ReS2 given by Tongay et al. 41 , which characterizes the material as consisting
of “vibrationally decoupled” monolayers compared with other TMD systems,
and clearly demonstrates how that material’s weak interlayer interactions
scale down to the monolayer limit—a truly layer-decoupled system. We also
observe that the out-of-plane modes of monolayer ReS2 are only ∼15% and
∼17% as responsive to strain as monolayer WS2 and MoS2, respectively, further
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Figure 3.5: (a) Comparison of the bandgap tuning rates between ReS2 and
other mono- and multilayer transition metal dichalcogenides (TMDs); tuning
rates were determined by linear fits to Eg vs. pressure data in a limited pressure
range below ∼10 GPa; the tuning rates for monolayer literature data were
obtained from fits to Nayak et al. 28 (MoS2) and Kim et al. 29 (MoWS2 and
WS2), and multilayer data from fits to calculations by Lu et al. 107 (WTe2)
and Dybała et al. 106 (MoS2, WS2, MoSe2, WSe2). (b) Comparison of Raman
mode hardening between in-plane and out-of-plane modes under pressure; our
results for ReS2 are compared with literature values for MoS2 and WS2 obtained
from fits to Nayak et al.28,108, Kim et al. 29, and Bandaru et al. 109; in-plane
and out-of-plane modes for MoS2 are E2g and A1g, respectively, and E ′ and
A′ for WS2; for ReS2, the values shown are averages of the intensities of the
in-plane A1g, A6g, A7g, and A8g modes and the out-of-plane A4g and A4g modes.
(c) Illustration of strain tuning in monolayer ReS2 and WS2 devices, of which
the former offers resilience of electronic and vibrational properties to applied
strain and the latter sensitivity—both useful paradigms for engineering flexible
electronic devices.
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highlighting ReS2’s remarkable strain insensitivity.
The unusually resilient strain-response of ReS2 should not be overlooked.
In device engineering, it is certainly desirable to have direct control over material
properties via strain, and the volume of research and interest in strain-sensitive
materials such as MoS2 and WS2 is a testament to this. However, the opposite
paradigm is just as important: for device applications in which maintaining
certain electronic properties under rigorous strain is paramount—foldable
tablets or surface contouring wearable devices, for example—a strain-resilient
semiconductor such as ReS2 is essential. Figure 3.5c illustrates how these
different, but equally important approaches play out in the case of bendable
device (a practical analogue to the type of compressive strain described in this
work), demonstrating how the bandgaps of ReS2 and WS2 might respond under
the same applied strain.
3.2 High-Pressure Studies of Black Phosphorus
3.2.1 Electronic and Structural Transitions
Under pressure, the orthorhombic A17 phase of black phosphorus trans-
forms to the rhombohedral A7 phase around 4.5 GPa, followed by the simple
cubic (sc) phase above 10.5 GPa. However, recent studies have suggested
that there may be an intermediate phase between the A7 and sc phases that
persists up to at least 30 GPa104. This question is of significance for black
phosphorus because the sc phase is superconducting at low temperatures, for
which an anomalous pressure evolution of Tc has been observed110 around
30 GPa. It is possible then that this intermediate phase, which Scelta et al. 104
refer to as the pseudo-simple cubic (p-sc) phase, may provide some insight on
superconductivity in BP.
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Scelta et al. 104 studies BP up to 30 GPa, and did not explicitly observe a
transition from the p-sc to sc phase in that pressure range. Moreover, previous
high-pressure Raman studies of the material have not gone above ∼25 GPa
and offer some conflicting results111,105,112. To attempt to resolve this, we have
conducted Raman and XRD studies up to 60 GPa in a DAC. Figure 3.6 shows
our results alongside those of previous studies. Taking advantage of polarized
measurements, we are able to resolve several unassigned peaks that emerge
above 10 GPa, which corresponds to the A7 to p-sc transition. In agreement
with previous studies, the observation of Raman modes here would suggest that
the material is indeed not in the sc phase, for which no Raman-active modes
should be present. However, it has not been ruled out that the signals observed
are due to other effects. Above 25 GPa, the observed modes become a broad
band that rapidly redshifts until the signal disappears above 35 GPa. While
by no means conclusive, the dramatic redshift of Raman modes can indicate a
structural instability and potential phase transition.
To further investigate the p-sc to sc transition, we recently conducted
high-pressure XRD experiments up to 60 GPa. Analysis of these results is
still ongoing, but a raw pressure series is shown in Figure 3.7. Peak indexing,
structural refinements, and equation-of-state fitting are underway to determine
the high-pressure phases. We are optimistic that, taken together, our high-
pressure Raman and XRD results will offer new insight into this newly proposed
phase and its implications for superconductivity in high-pressure phosphorus.
Black phosphorus also reportedly undergoes an electronic topological
transition (ETT) at ∼1.2 GPa113,112. It has previously been reported that
Raman measurements are sensitive to the ETT in BP, since the width of
Raman peaks are proportional to the electron-phonon coupling, λqv 112. We
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Figure 3.6: Raman shift as a function of pressure for multilayer black phosphorus
up ∼37 GPa; Data for the characteristic A1g, B2g, and A2g modes of the A17
phase are shown as purple octagons; the A1g and Eg modes of the A7 phase
are shown as blue octagons; and unidentified modes that persist in the pseudo-
simple cubic phase are shown as gray octagons; Literature data are shown for
comparison111,112,105.
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Figure 3.7: Powder x-ray diffraction spectra of bulk black phosphorus up to 60
GPa.
expect that polarized Raman measurements are sensitive to such transitions as
well, since the Raman tensor elements are related to the dielectric properties
of the crystal (see Equation 2.2). In our high-pressure polarized Raman
measurements, we indeed observe that there are noticeable changes to the
Raman tensor elements of the B2g and Ag-type modes around the ETT and
structural transitions (Figures 3.8 and 3.9). These results suggest that polarized
could be used to detect the changes in dielectric properties of materials that
accompany both electronic and structural phase transitions. Future theoretical
work will be necessary to determine the precise mechanism at play, but our
initial results encourage further investigation.
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Figure 3.8: Value of the Raman tensor element f for multilayer black phosphorus
across the electronic topological phase transition at ∼1.2 GPa and the expected
structural transition to the A7 phase at ∼5 GPa.
Figure 3.9: Value of the Raman tensor elements |a|, |c|, and φca for multilayer
black phosphorus across the electronic topological phase transition at ∼1.2 GPa







Figure A.1: Radial plots of polarized Raman intensity for monolayer ReS2;
Each plot corresponds to a particular mode and pressure, as indicated on the
corresponding axis; Data were collected every 10° over a full 360° rotation,
where 0° indicates incident polarization parallel to the ~b-axis of the material;
Gray circles are experimental data and red lines are fits using the Raman
tensor.
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Figure A.2: Radial plots of fits to polarized Raman data for multilayer ReS2;
Each plot corresponds to a particular mode and pressure, as indicated on the
corresponding axis; Data were collected every 10° over a full 360° rotation,
where 0° indicates incident polarization parallel to the ~b-axis of the material;
Gray circles are experimental data and red lines are fits using the Raman
tensor.
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Figure A.3: Raman tensor elements |u| (white circles) and |w| (black circles)
as a function of pressure for the six lowest-frequency Raman modes (a-f): A4g,
A5g, A1g, A6g, A7g, and A8g.
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Figure A.4: Raman tensor elements φu (white circles), φv (gray circles), φw
(black circles) as a function of pressure for the six lowest-frequency Raman
modes (a-f): A4g, A5g, A1g, A6g, A7g, and A8g.
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